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The positive-strand defective interfering (DI) RNA of the murine coronavirus mouse hepatitis virus (MHYV),
when introduced into MHV-infected cells, results in DI RNA replication and accumulation. We studied whether
the introduction of negative-strand transcripts of MHV DI RNA would also result in replication. At a location
downstream of the T7 promoter and upstream of the human hepatitis delta virus ribozyme domain, we inserted
a complete cDNA clone of MHV DI RNA in reverse orientation; in vitro-synthesized RNA from this plasmid
yielded a negative-strand RNA copy of the MHV DI RNA. When the negative-strand transcripts of the DI RNA
were expressed in MHV-infected cells by a vaccinia virus T7 expression system, positive-strand DI RNAs
accumulated in the plasmid-transfected cells. DI RNA replication depended on the expression of T7 polymer-
ase and on the presence of the T7 promoter. Transfection of in vitro-synthesized negative-strand transcripts
into MHV-infected cells and serial passage of virus samples from RNA-transfected cells also resulted in
accumulation of the DI RNA. Positive-strand DI RNA transcripts were undetectable in sample preparations of
the in vitro-synthesized negative-strand DI RNA transcripts, and DI RNA did not accumulate after cotrans-
fection of a small amount of positive-strand DI RNA and truncated-replication-disabled negative-strand
transcripts; clearly, the DI RNA replicated from the transfected negative-strand transcripts and not from
minute amounts of positive-strand DI RNAs that might be envisioned as artifacts of T7 transcription. Sequence
analysis of positive-strand DI RNAs in the cells transfected with negative-strand transcripts showed that DI
RNAs maintained the DI-specific unique sequences introduced within the leader sequence. These data indi-
cated that positive-strand DI RNA synthesis occurred from introduced negative-strand transcripts in the
MHYV-infected cells; this demonstration, using MHYV, of DI RNA replication from transfected negative-strand

DI RNA transcripts is the first such demonstration among all positive-stranded RNA viruses.

Mouse hepatitis virus (MHV), the prototypic coronavirus,
contains a single strand of positive-sense RNA that is approx-
imately 31 kb long (3, 25, 26, 39). MHV-infected cells generate
seven to eight species of virus-specific mRNAs whose se-
quences form a 3'-coterminal nested-set structure (23, 27). The
mRNAs are numbered 1 to 7 in decreasing order of size (23,
27). MHV particles carry only mRNA 1; only mRNA 1 con-
tains a packaging signal (8). At their 5’ ends, all of the mRNAs
are fused to a 72- to 77-nucleotide leader sequence (22, 24, 47).
MHYV mRNA body sequences begin from a transcription con-
sensus sequence of the intergenic region that is located up-
stream of each gene (22, 24, 35, 47).

Genomic-size and subgenomic-size negative-strand RNAs
are present in coronavirus-infected cells in amounts that are
significantly smaller than the amounts of corresponding posi-
tive-strand RNAs (41, 45). In addition to being template RNAs
for genomic replication, the genomic-size negative-strand RNAs
may be the template RNAs for transcription of subgenomic
mRNAs (2). Subgenomic-size negative-strand RNAs may be
template RNAs for subgenomic mRNAs (42-45) or dead-end
transcription products (14).

The large size of the coronavirus genome prevents construc-
tion of a full-length, infectious cDNA clone. Instead of an
infectious cDNA clone, complete cDNA clones of coronavirus
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defective interfering (DI) RNAs under the control of the T7
promoter can be used to study coronavirus RNA replication (4,
7, 19-21, 28, 29, 33), transcription (14-18, 32, 50), RNA re-
combination (38, 51), and RNA packaging (8, 37, 49). Trans-
fection of in vitro-synthesized positive-strand DI RNA tran-
scripts into helper virus-infected cells results in DI RNA
replication. Expression of positive-strand DI RNAs by a re-
combinant T7 vaccinia virus expression system in helper virus-
infected cells results in DI RNA replication (29).

Studies with coronavirus DI RNAs have focused on trans-
fecting positive-strand DI RNAs into helper virus-infected
cells. Because coronavirus is a positive-strand RNA virus, in-
put positive-strand DI RNAs undergo RNA replication steps
that are similar to infectious-virus genomic RNA replication.
The presence of significantly larger amounts of positive-strand
coronavirus genomic RNAs relative to negative-strand geno-
mic RNAs in infected cells (41, 45) indicates that synthesis of
positive-strand genomic RNAs on the negative-strand genomic
RNA templates is more efficient than synthesis of negative-
strand RNAs on the positive-strand genomic RNA templates.
Negative-strand genomic RNAs are potentially excellent tem-
plates for RNA replication. In this study, we examined whether
introduction of negative-strand MHV DI RNA in MHV-in-
fected cells would result in DI RNA replication and unambig-
uously showed that DI RNA replicated from the introduced
negative-strand DI RNAs.

MATERIALS AND METHODS

Viruses and cells. The plaque-cloned A59 strain of MHV (23) was used as a
helper virus. Mouse DBT cells (11) were used for MHV growth and transfection
of DNA and RNA. Recombinant vaccinia virus (VV) vTF7-3 that expresses T7
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TABLE 1. Synthetic oligonucleotides used in this study

Oligonucleotide Sequence
1024 5'-ATCTGATGCATTAAAGTC-3'
1456 5'-ACTACCGAACTGCAATGC-3’
2314 5'-GACACGCAGGAAGTGCC-3’
2318 5'-CGACTCACAAGCTTATAAGAGTG-3’
10064 5'-CCAGAGAGACTCGAGAGAAAA-3’
10065 5'-CGTCCTTCTCTAGACCCCGGGTCGGCA-3’
10066 5'-TATAAGAGTGATTGGCGTCCG-3'
10079 5'-GTCAGCATGGATATCTTGGTT-3’
10080 5'-GGCAACGCCGTCCTCTTCTTGGGTATCGGC-3'
10106 5'-AGAGAGGGTACGTACGGACGCCATTCACTCTTATAGGGTCGGCATGG-3’
10107 5'-CTTTTTCAATATTATTGAAG-3’

RNA polymerase (10) and wild-type VV (WR strain) were grown and subjected
to titer determination in RK13 cells.

DNA construction. The synthetic oligonucleotides used in the present study
are listed in Table 1. Plasmid pT7ET1 containing both T7 promoter and T7
terminator was constructed by inserting the 0.55-kb Bg/II-Sspl fragment of
pET17 b (Novagen) into the 2.1-kb PvulI-Sspl fragment of pT7-4. Insertion of
the 2.3-kb Xbal-HindIII fragment of DE25 (33) that corresponds to a complete
c¢DNA of DIssE (31, 34) into the large XbaI-HindIII fragment of pT7ET1 yielded
a plasmid containing negative-strand DIssE cDNA upstream of the T7 termina-
tor; this plasmid contained two T7 promoter sequences. The T7 promoter lo-
cated close to the T7 terminator was removed by generating a PCR product from
DE25 that was primed with oligonucleotide 1456, which has a Stul site and binds
to 490 to 508 nucleotides from the 5’ end of DIssE, and with oligonucleotide
2318, which contains a HindlIII site and spans the junction of the T7 promoter
and the leader sequence of DE25 (33). The 0.5-kb HindIII-Stul PCR fragment
was inserted into the large HindIII-Stul fragment of this plasmid. The pseudo-
knot ribozyme domain of human hepatitis delta virus (HDV) was then inserted
between the leader sequence and the T7 terminator sequence. The HDV ri-
bozyme domain was created by PCR in which the HDV cDNA clone HD489 (30)
was incubated with oligonucleotide 10064, which contains a Xkol site and binds
at nucleotides 792 to 813 of the HDV sequence (30), and oligonucleotide 10065,
which contains a Xbal site and a Smal site and binds at nucleotides 894 to 921
of the HDV sequence. The Smal-Xhol fragment of the PCR product was then
inserted into the HindIII-Xhol site of this newly constructed plasmid to yield
pDERA4. Plasmid pDER4 contains four non-MHYV nucleotides (AGCT) between
the leader sequence and the ribozyme domain. Consequently, transcripts from
pDER4 should have an additional 4 nucleotides at the 3’ end. A new PCR
product that lacked these 4 nucleotides was made as follows. pPDER4 was incu-
bated with oligonucleotide 10106, which contains a SnaBI site and binds at the
leader, has a part of the HDV ribozyme sequence, and lacks the extra 4 nucle-
otides, and oligonucleotide 10107, which contains an SspI site and binds to
pDER4 downstream of the T7 terminator. The 0.45-kb SnaBI-SspI PCR frag-
ment was then inserted into the corresponding site of the pDER4, yielding
pDER. Purified oligonucleotides were purchased from Integrated DNA Tech-
nologies, Coralville, Towa. For each mutant, we sequenced the region of the
insertion obtained by PCR.

DNA transfection. DBT cells were infected with vIF7-3 or wild-type VV at a
multiplicity of infection of 5. At 1.5 h postinfection (p.i.), DBT cells were
transfected with 10 pg of DNA by lipofection as specified by the manufacturer
(Gibco BRL). At 6 h after VV infection, cells were infected with MHV at a
multiplicity of infection of 5. After adsorption of MHV for 1 h, the cells were
incubated with a medium containing 40 pg of cytosine-B-p-arabinofuranoside
(ara-C) (Sigma) per ml to suppress VV DNA replication.

RNA transcription and transfection. Plasmid DNAs were linearized with
appropriate restriction enzymes, and capped RNAs were transcribed with T7
RNA polymerase by using mMESSAGEmMACHINE T7 kit (Ambion) as spec-
ified by the manufacturer. MHV-infected DBT cells were transfected with in
vitro-synthesized RNA at 1 h p.i. by a lipofection procedure, as previously
described (32).

Preparation of virus-specific intracellular RNA. Viral RNAs in virus-infected
cells were extracted as previously described (36). In some experiments, RNA
samples were treated with RNase-free DNase I (Promega) and MspI at 37°C for
4 h.

Northern blotting. Northern (RNA) blot analysis with a random-primed probe
corresponding to the 0.55-kb Stul-Sphl fragment of DE25 was performed as
previously described (14). For detection of positive-stranded MHV RNA, 5'-
end-labeled oligonucleotide 10080, which binds at nucleotides 931 to 960 of
DE25 from the 5’ end, was used as a probe.

RT-PCR. Positive-strand DI RNA specific-cDNAs were synthesized by incu-
bating intracellular RNA species with oligonucleotide 10079, which binds to
positive-strand DI RNA at nucleotides 892 to 912 from the 5’ end, as described
previously (34); this oligonucleotide binds about 3 kb from the 5" end of helper
virus genomic RNA (34). After cDNA synthesis, reverse transcriptase (RT) was

inactivated by incubating the sample at 95°C for 10 min and free oligonucleotides
were removed by spin column chromatography on Sephadex G-50. The RT-PCR
products were synthesized after incubating cDNAs with oligonucleotide 10066,
which binds to the 5’ end of leader sequence, and oligonucleotide 1024, which
binds at the junction site of domains I and II of positive-strand DIssE (34). PCR
was carried out for 30 cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1
min.

Sequence analysis. The gel-purified RT-PCR products were sequenced by the
direct PCR sequencing procedure established by Winship (54). Further analysis
of RT-PCR products was carried out by cloning RT-PCR products into a TA
cloning vector (Invitrogen).

RESULTS

MHYV DI RNA replication after recombinant VV-mediated
expression of negative-strand DI RNA transcripts in MHV-in-
fected cells. We constructed two plasmids, pDER and pDER4,
to study whether negative-strand transcripts of MHV DI RNA
could initiate DI RNA replication. A complete cDNA of MHV
DI RNA, DIssE, was inserted between the T7 promoter and
the HDV ribozyme domain in both plasmids, and the T7 ter-
minator was inserted downstream of the ribozyme domain to
further ensure termination; T7 polymerase-mediated tran-
scripts from these constructs yielded negative-strand copies of
DIssE (Fig. 1). The 5’ ends of the transcripts were expected to
contain short stretches of non-MHYV sequences derived from
part of the T7 promoter and a plasmid polylinker site; the DI
RNA sequence, which contained a poly(U) sequence at the
5’-end region, and a sequence complementary to the leader
sequence (antileader) at the 3’ end followed these non-MHV
sequences. The leader sequence of pDER and pDER4 had five
substituted nucleotides relative to the MHYV leader sequence
(Fig. 1B). Furthermore, the leader sequence of pDER and
pDER4 had four repeats of UCUAA at the junction of the
leader and body sequences and lacked the 9-nucleotide se-
quence (UUUAUAAAC) downstream of the UCUAA repeats
(on the positive strand) while MHV had two UCUAA repeats
and contained the 9-nucleotide sequence (33) (Fig. 1B). In
addition, pDER4 had an extra 4 nucleotides, AGCT, between
the 3’ end of the leader sequence and the ribozyme domain;
negative-strand transcripts of pDER4 should have the corre-
sponding (UCGA) additional non-MHV sequence at the 3’
end. We used these extra nucleotides for examining de novo
initiation of positive-strand DI RNA synthesis (see below).

We examined whether recombinant VV-mediated expres-
sion of negative-strand transcripts of pDER and pDER4 re-
sulted in DI RNA replication in MHV-infected cells. Each
plasmid DNA was transfected into the vIF7-3-infected DBT
cells, and at 6 h p.i., the cells were infected with MHV. We
extracted intracellular RNA 12 h after MHV infection and
selected poly(A)-containing RNAs by oligo(dT) column chro-
matography (31). We hybridized Northern blots with 5'-end-
labeled oligonucleotide 10080 as a probe for positive-strand DI



VoL. 70, 1996

Stul Sphl

A Leader + + Poly (A)

T N
T7 Pr DE25 j

Self-cleavage site

Poly (U)

A
T7Pr

Antileader ~ + T7 Ter

I:
pDER & pDER4 b I

Number of

Nucleotide UCUAA

position repeats
Nine-
12 303132 35 + nucleotide
DE25 [ A uaAT U 4R K]

MHV-A59 [ U cuc A

pDER | A UAA U R KA
PDER4 UCGA[ A UAA U 4R KA

FIG. 1. Schematic representation of the transcription plasmids (A) and dia-
gram of the 5’-end sequences of the DI RNA transcripts in the positive sense (B).
(A) Plasmid DE25 encodes positive-strand MHV DIssE RNA, and plasmids
pDER and pDER4 encode the negative-strand MHV DIssE RNA. T7 Pr, bac-
teriophage T7 promoter site; Rz, ribozyme from HDV; T7 Ter, T7 transcription
terminator. (B) DE25 and MHYV represent the 5'-end sequence of DE25 tran-
scripts and MHV genomic RNA, respectively. The diagram of pDER and
pDER4 represents complementary sequences of the 3’ end of the transcripts of
these plasmids. The nucleotide sequences which are not denoted share the same
sequence as described previously (33). 2R and 4R represent two and four repeats
of UCUAA sequence, respectively. The shaded box represents the 9-nucleotide
(UUUAUAAAC) sequence in MHV. The 9-nucleotide sequence that is deleted
is shown as a thin line. The G nucleotide at the 5’ end of DE25 represents an
extra nucleotide present in DE25 transcripts (33). Similarly, UCGA nucleotides
in pDER4 represent extra nucleotides present in the initial transcripts in
pDER4. Because initial transcripts of pDER4 are negative sense, the extra
nucleotides at the 3’ end of pDER4 transcripts should be 5'-UCGA-3'.

RNA synthesis; this probe hybridizes with only positive-strand
DI RNAs and MHV mRNA 1 (Fig. 2A). Positive-strand DI
RNAs accumulated in the plasmid-transfected, vIF7-3, MHV-
infected cells, but not in MHV-uninfected cells, suggesting that
positive-strand DI RNAs were synthesized from the vTF7-3-
mediated negative-strand DI RNA transcripts by MHV repli-
cation machinery. We frequently observed broad RNA signals
that migrated much more slowly than DIssE RNA (Fig. 2A);
these signals most probably represented helper virus-derived
DI RNAs.

To confirm that the positive-strand DI RNA in the DNA-
transfected cells was accumulating as a result of replication, we
examined DI RNA replication in the cells infected with pas-
saged virus samples. The culture fluid was harvested from
plasmid-transfected cells 16 h after infection with MHV, and
cell debris was removed by low-speed centrifugation. This sam-
ple, the passage 0 virus sample, was used for inoculating fresh
DBT cells to obtain the passage 1 virus sample. To inhibit
recombinant VV DNA replication and recombinant VV-me-
diated transcription from contaminated plasmid DNA in the
inoculum, ara-C and 2.5 pg of actinomycin D per ml were
added to the culture media and passage 1 virus was harvested
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at 16 h p.i. We prepared passage 2 virus sample by the same
procedure as for passage 1 virus. DBT cells were infected with
passage 0 virus sample and incubated with actinomycin D and
ara-C. Intracellular RNA was extracted at 7 h p.i., and DI
RNA replication was examined by Northern blot analysis with
a random-primed probe that hybridizes with only DI RNA and
MHYV mRNA 1 (Fig. 2B). DI RNAs replicated efficiently in the
cells infected with passage 0 virus samples from DNA-trans-
fected, MHV-infected cells that were infected with vIF7-3.
The majority of detected DI RNAs were positive-strand DI
RNAs, because most of these DI RNAs bound to oligo(dT)
cellulose (data not shown). Negative-strand DI RNAs were
underdetectable by Northern blot analysis with an oligonucle-
otide probe that specifically hybridized to negative-strand DI
RNA, yet the presence of negative-strand DI RNAs was con-
firmed by RT-PCR in which the initial cDNA was synthesized
from negative-strand DI RNAs (data not shown). These data
demonstrated that DI RNA replicated in the presence of
MHYV and suggested the possibility that DI RNA replicates
from the negative-strand DI RNA transcripts.

Dependency of DI RNA replication on expression of T7
polymerase and the presence of the T7 promoter in the plas-
mid. To confirm that DI RNA replicated exclusively from DI
RNA negative-strand transcripts that were expressed by T7
polymerase, we tested the possibility that an unidentified VV
gene product(s) synthesizes positive-strand DI RNA tran-
scripts from the transfected plasmid; we studied whether DI
RNA replicated in the wild-type VV-infected cells. DBT cells
were infected with wild-type VV and then transfected with
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FIG. 2. Replication of DI RNAs in plasmid-transfected cells (A) and passage
0 virus-infected cells (B). (A) Recombinant VV, vTF7-3 infected DBT cells were
mock transfected (lane 1) or transfected with pDER (lanes 2 and 4), or pDER4
(lanes 3 and 5). At 6 h p.i, the cells were infected with MHV (lanes 1, 4, and 5)
or mock infected (lanes 2 and 3). Intracellular RNA was extracted 12 h after
MHYV infection. Poly(A)-containing RNAs were collected, separated by 1%
formaldehyde gel electrophoresis, and transferred to a nylon membrane. The
5'-end-labeled oligonucleotide 10080 that hybridizes with positive-strand DI
RNA and MHV mRNA 1 was used as a probe. Lane 6 represents in vitro-
synthesized DE25 DI RNA. The arrowhead and arrow indicate MHV mRNA 1
and DI RNA, respectively. The asterisk most probably represents helper virus-
derived DI RNAs. (B) Recombinant VV-infected DBT cells were mock trans-
fected (lane 1), or transfected with pDER (lanes 3 and 5), or pDER4 (lanes 2 and
4). At 6 h after VTF7-3 infection, the cells were infected with MHV (lanes 1, 4,
and 5) or mock infected (lanes 2 and 3). Passage 0 virus samples were harvested
16 h after MHYV infection and then inoculated into fresh DBT cells. Intracellular
RNAs were extracted at 7 h from passage 0 virus-infected cells, separated by 1%
formaldehyde gel electrophoresis, and transferred to a nylon membrane. The
probe was prepared by random-primed 3P labeling of the MHV DI cDNA small
Stul-Sphl fragment (Fig. 1A); it hybridizes with DI RNA and MHV mRNA 1.
The arrowhead and arrow indicate MHV mRNA 1 and DI RNA, respectively.
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FIG. 3. Requirement of T7 polymerase expression for DI RNA replication.
DBT cells were infected with wild-type VV (lanes 2 and 3) or vTF7-3 (lanes 5 and
6). VV-infected cells were then transfected with pDER. At 6 h after VV infec-
tion, the cells were infected with MHV (lanes 1, 3, 4, and 6) or mock infected
(lanes 2 and 5). Intracellular RNAs were extracted from passage 0 virus-infected
cells and analyzed by Northern blotting. The arrowhead and arrow indicate
MHV mRNA 1 and DI RNA, respectively.

pDER plasmid DNA. As a control, we used vIF7-3. After 6 h
of VV infection, the cells were mock infected or infected with
MHYV, and passage 0 virus samples were collected. Northern
blot analysis showed that for passage 0 virus-infected cells in
the presence of actinomycin D and ara-C, DI RNA replicated
in cells infected with vIF7-3 but not in those infected with
wild-type VV (Fig. 3), demonstrating that DI RNA replication
exclusively required expression of T7 polymerase in the DNA-
transfected cells.

Next, we ruled out the possibility that T7 polymerase recog-
nizes an unidentified cryptic promoter(s) on the plasmid,
thereby synthesizing positive-strand DI RNA transcripts; we
studied whether DI RNA replication depended only on the
presence of the T7 promoter and not on another cryptic pro-
moter for T7 polymerase. We used two restriction pDER frag-
ments, the Ndel-Sspl fragment and the Xbal-Sspl fragment
(Fig. 4A). The Ndel-Sspl fragment consisted of the following
domains from the 5’ to 3’ direction: a 0.3-kb plasmid sequence
upstream of the T7 promoter, the T7 promoter, an entire DI
cDNA, the ribozyme domain, the T7 terminator, and a 0.5-kb
plasmid sequence located downstream of the T7 terminator.
The Xbal-Sspl fragment had a similar structure, except that it
lacked all the sequences upstream of the poly(U) sequence,
including the T7 promoter. DI RNA replication occurring af-
ter transfection of the Ndel-SspI fragment but not after trans-
fection of the Xbal-Sspl fragment would demonstrate that a
putative cryptic promoter for positive-strand DI RNA tran-
scription did not exist between the T7 terminator and the Sspl
site and that the DI RNA replicated from the negative-strand
DI RNA transcripts that were transcribed from the T7 pro-
moter. Passage 1 virus samples were obtained from cells that
were independently transfected with equal amounts of a gel-
purified Xbal-Sspl fragment and an Ndel-Sspl fragment.
Northern blot analysis of intracellular RNA from passage 1
virus-infected cells showed that DI RNA replicated after trans-
fection of the Ndel-Sspl fragment but not after transcription of
the Xbal-Sspl fragment (Fig. 4B). This result demonstrated
that putative positive-strand DI RNA transcription from a
cryptic promoter for T7 polymerase did not happen after trans-
fection of the Xbal-Sspl fragment. DI RNA replication de-
pended on the presence of the T7 promoter, indicating that DI
RNA replicated from expressed negative-strand transcripts.

J. VIROL.

DI RNA replication initiated from the transfected in vitro-
synthesized negative-strand DI RNA transcripts. The data
strongly suggested that DI RNA replicated from the expressed
negative-strand transcripts. However, we could not completely
eliminate the possibility that positive-strand DI RNAs are syn-
thesized by unusual mechanisms in vIF7-3-infected cells; e.g.,
T7 RNA polymerase might jump to the complementary DNA
template strand at the 3’ end and begin copying. To address
this possibility, we examined whether DI RNA could replicate
from in vitro-synthesized negative-strand DI RNA transcripts
that were transfected into MHV-infected cells. Plasmids pDER
and pDER4 were linearized by restriction digestion with X%ol
(Fig. 4A), and RNA was synthesized in vitro. MHV-infected
DBT cells were independently transfected with 40 pg of in
vitro-synthesized pDER and pDER4 transcripts. At 16 h p.i,,
passage 0 virus sample was harvested and further passaged to
obtain passage 1 and 2 viruses. Northern blot analysis of intra-
cellular RNAs showed accumulation of DI RNAs of the ex-
pected size in passage 1 and 2 virus-infected cells (Fig. 5). In
most cases, after RNA transfection, DI RNAs became appar-
ent in passage 1 virus-infected cells and were not seen in
passage 0 virus-infected cells, showing that DI RNAs accumu-
lated less efficiently from the transfected negative-strand RNA
transcripts than from the plasmid-transfected cells (Fig. 2 and
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FIG. 4. Requirement of T7 promoter sequence for DI RNA replication. (A)
Schematic representation of pDER and its Xbal-SspI and Ndel-Sspl fragments.
(B) Northern blot analysis of intracellular DI RNAs. Mock-infected DBT cells
(lane 1) or vIF7-3-infected DBT cells (lanes 2 to 4) were mock transfected (lanes
1 and 2) or transfected with the pDER Xbal-SspI fragment (lane 3) or the pDER
Ndel-Sspl fragment (lane 4). At 6 h after VV infection, cells were infected with
MHYV. Intracellular RNAs extracted from passage 1 virus-infected cells were
analyzed by Northern blot analysis. The arrowhead and arrow indicate MHV
mRNA 1 and DI RNA, respectively.
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FIG. 5. DI RNA replication after transfection of in vitro-synthesized nega-
tive-strand DI RNA transcripts. MHV-infected DBT cells were mock transfected
(lanes 1, 4, and 7) or transfected with in vitro-synthesized pDER4 transcripts
(lanes 2, 5, and 8) or in vitro-synthesized pDER transcripts (lanes 3, 6, and 9).
Intracellular RNAs were extracted from passage 0 virus-infected cells (lanes 1 to
3), passage 1 virus-infected cells (lanes 4 to 6), or passage 2 virus-infected cells
(lanes 7 to 9) and analyzed by Northern blot. The arrowhead and arrow indicate
MHYV mRNA 1 and DI RNA, respectively.

5). This difference probably reflected the amount of negative-
strand DI RNA transcripts in the cells; many of the transfected
negative-strand DI RNA transcripts probably did not enter the
cytoplasm and/or were rapidly degraded, whereas vTF7-3-me-
diated negative-strand DI RNA transcripts were continuously
produced in large quantities in the cytoplasm (data not shown).
We wanted to rule out the possibility that DI RNA was
replicating from contaminating positive-strand RNAs in our
negative-strand DI RNA preparation. By using Northern blot
analysis with an oligonucleotide probe that specifically hybrid-
izes to the positive-strand DI RNA, we searched for putative
positive-strand DI RNA transcripts in the in vitro-synthesized
pDER RNA preparation (Fig. 6). In vitro-synthesized positive-
strand DIssE RNA, DE25 (33) (Fig. 1), was the positive con-
trol. We detected positive-strand DE25 transcripts in samples
diluted 10°- to 10*-fold, whereas we could not detect any pos-
itive-strand DI RNAs in the undiluted in vitro-synthesized
pDER RNA preparation (Fig. 6). These data suggested that in
vitro-synthesized pDER transcripts did not contain positive-
strand DI RNAs or that the level of positive-strand DI RNAs
in the transcripts was so minute as to be undetectable.
Although positive-strand transcripts were not detectable by
Northern blot analysis, we could not completely rule out the
possibility that DI RNA replicated from a minute amount of
possible contaminating positive-strand DI RNA transcripts. To
address this possibility, we determined whether DI RNA rep-
licated after cotransfection of a small amount of added posi-
tive-strand DE25 DI RNA along with a truncated, disabled
negative-strand pDER RNA. Truncated pDER negative-strand
RNA transcripts were synthesized after digestion of pDER
with Stul (Fig. 7A); these transcripts lacked the 3'-end 0.45 kb
of the pDER negative strand. The 0.45-kb region is part of the
DIssE cis-acting replication signal (19); consequently, DI RNA
should not replicate from the negative-strand transcripts of the
truncated pDER. For the mixed transfection experiment into
MHV-infected cells, we transfected truncated pDER negative-
strand RNA transcripts along with a 100-fold dilution of DE25
positive-strand transcripts (approximately 3 X 10'' molecules)
(1072 and 10~* dilutions of DE25 are shown in Fig. 6). This
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amount of positive-strand transcripts was at least 100 times
more abundant than any putative positive-strand DI RNA
transcripts present in the in vitro-synthesized pDER transcript
preparation, as shown in Fig. 6. In vitro-synthesized pDER
negative-strand transcripts served as a control in a parallel
transfection, with the amount of control RNA being equivalent
to the combined amounts of the RNAs in the mixed experi-
mental transfection. After serial passage, analysis of intracel-
lular RNAs from cells infected with passage 2 virus showed
that DI RNA accumulated efficiently in the cells infected with
virus harvested from pDER-transfected control cells but not in
the cells infected with virus harvested from the cotransfected
cells (Fig. 7B). If DI RNA was replicating from trace amounts
of contaminating positive-strand RNAs in pDER in vitro-syn-
thesized RNA preparations, we should have seen DI RNA
accumulating in the cells that were cotransfected with positive-
strand and disabled truncated-negative strand. Clearly, MHV
DI RNA replicated from only the negative-strand transcripts
of pDER.

Characterization of the leader sequence of replicating DI
RNAs. The de novo initiation of positive-strand DI RNA syn-
thesis from the introduced negative-strand DI RNA transcripts
was tested by analyzing the leader sequence of positive-strand
DI RNAs obtained from pDER4-transfected cells. The leader
sequence of pDER4 differed from that of the helper virus: the
pDERA4 leader sequence incorporated an additional 4 nucleo-
tides at the 3’ end of its in vitro transcripts, four UCUAA
repeats, and five nucleotide substitutions, while it lacked a
unique 9-nucleotide sequence (Fig. 1B). These differences
helped identify whether synthesis of positive-strand RNA was
initiated in the pDER4-transfected cells. If positive-strand DI
RNA synthesis initiates from the 3’ end of the negative-strand
transcripts, the first positive-strand DI RNAs that are made
should have a leader sequence that is an exact copy of the
pDERA4 antileader sequence. If positive-strand DI RNA ini-
tiates from the positive-strand genomic leader sequence that is
derived from helper virus (33), the entire leader sequence of
pDERA4 should change to that of the helper virus. These spec-
ulations were based on our previous observation that soon

>
&N DY XN
S8 8
g (O
L N Y,
§ & F
-
1 2 3 4

FIG. 6. Positive-strand transcripts in the preparation of in vitro-synthesized
pDER transcripts. The in vitro-synthesized RNAs were prepared from the same
amount of pDER plasmid and DE25 plasmid. Undiluted transcripts from pDER
(lane 1), 100-fold-diluted DE25 transcripts (lane 2), 1,000-fold-diluted DE25
transcripts (lane 3), or 10,000-fold-diluted DE25 transcripts were subjected to
1% formaldehyde agarose gel electrophoresis. Northern blot analysis was per-
formed with an oligonucleotide probe which specifically hybridizes with positive-
strand but not negative-strand DI RNAs. The arrow indicates DE25 transcripts
of the expected size.
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FIG. 7. Evidence that DI RNA replicated from the negative-strand pDER
transcripts but not from positive-strand transcripts possibly present in the prep-
aration of pDER negative-strand transcripts. (A) Schematic representation of
DE25 plasmid, DE25 positive-sense transcripts, pPDER plasmid, pDER negative-
sense transcripts, and truncated pDER negative-sense transcripts. (B) Northern
blot analysis of intracellular DI RNAs. Mock-infected DBT cells (lane 2) or
MHV-infected DBT cells (lanes 1, 3, and 4) were mock transfected (lane 1),
transfected with in vitro-synthesized pDER transcripts (lanes 2 and 4), or trans-
fected with a mixture of 100-fold-diluted DE25 in vitro-synthesized transcripts
and in vitro-synthesized transcripts from the Stul-digested pDER4. The total
amount of RNAs used for transfection in lanes 2, 3, and 4 was the same.
Intracellular RNAs extracted from passage 2 virus-infected cells were analyzed
by Northern blot analysis with random-primed 3?P-labeling of the MHV DI
c¢DNA small Stul-Sphl fragment (Fig. 1A). The arrowhead and arrow indicate
MHYV mRNA 1 and DI RNA, respectively.

after transfection of positive-strand DI RNAs into MHV-in-
fected cells, entire leader sequences of DI RNAs switch to
helper-virus leader sequences (33). Because multiple cycles of
DI RNA replication probably would select a specific type of DI
RNA that replicates well under given conditions, we attempted
to characterize positive-strand DI RNAs early after introduc-
tion of the negative-strand transcripts. We characterized pos-
itive-strand DI RNAs in cells transfected with pDER4 tran-
scripts by sequencing positive-strand DI RNA-specific RT-
PCR product. The negative-strand pDER4 transcripts were
prepared in vitro, extensively treated with RNase-free DNase I
and Mspl, and transfected into MHV-infected cells. Intracel-
lular viral RNA was extracted from RNA-transfected cells at
8 h after MHV infection and incubated with DNase 1. We
amplified the 5’ region of positive-strand DI RNAs by RT-
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PCR as described in Materials and Methods. We detected the
expected RT-PCR product from RNA-transfected, MHV-in-
fected cells, whereas we did not detect this product in the
RNA-transfected, mock-infected cells or in mock-transfected,
MHV-infected cells (data not shown), indicating that the RT-
PCR product was indeed derived from positive-strand DI
RNAs. Then the PCR product was purified on an agarose gel
and cloned into a plasmid vector. Sequencing analysis of eight
clones showed that all of the cloned RT-PCR products con-
tained DI-specific leader sequence. One sequence analysis is
shown in Fig. 8A. A nucleotide substitution at nucleotide 12
(Fig. 1B) was not detectable by this analysis, because the oli-
gonucleotide used for RT-PCR included this region. To fur-
ther confirm that the RT-PCR product was not derived from
contaminated plasmid DNA but from positive-strand DI
RNAs, we extracted intracellular RNAs from passage 0 virus
sample-infected cells and carried out RT-PCR to amplify the
positive-strand DI RNA leader sequence. Direct sequencing of
the RT-PCR product showed that the leader sequence derived
from pDER4 maintained its DI-specific sequence (Fig. 8B).
These data showed that the leader sequence of the positive-
strand DI RNA did not contain helper virus genomic leader
sequence but contained a sequence that was complementary to
the leader sequence of pDER4 transcripts.

We examined whether the extra 4 nucleotides at the 3" end
of the transcripts were maintained in the positive-strand DI
RNA. Although we used many different procedures that would
identify the 5" end of positive-strand DI RNAs (5, 9, 13, 53), all
these PCR-based procedures failed to work in our hands (data
not shown). As an alternative approach, we characterized pos-
itive-strand DI RNA by primer extension. Passage 0 virus sam-
ple was prepared from pDER4 plasmid DNA-transfected cells,
and intracellular RNAs were extracted from passage 0 virus-
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FIG. 8. Leader sequence of positive-strand DI RNAs that were synthesized
after transfection of in vitro-synthesized pPDER4 RNA transcripts. The UCUAA
repeats are shown by arrows. The unique nucleotides that are specific for pPDER4
DI RNA are also shown. Numbers in the parentheses are nucleotide positions
from the 5’ end of the positive-strand DI RNA (Fig. 1B). (A) Sequence of leader
region of cloned RT-PCR product of positive-strand DI RNAs isolated from
cells transfected with pDER4 transcripts. (B) Direct sequencing analysis of the
RT-PCR product of positive-strand pDER4 DI RNAs isolated from passage 0
virus-infected cells.
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infected cells. Primer extension analysis with 5'-end-labeled
oligonucleotide 2314 that binds to positive-strand DI RNAs at
82 to 98 nucleotides from the 5’ end showed that most of the
primer extension product comigrated with DE25 DI RNA
(data not shown); we did not detect a primer extension product
that had an extra 4 nucleotides. These data indicated that DI
RNAs with the extra 4 nucleotides did not accumulate in pas-
sage 0 virus-infected cells. Because other unique DI RNA-
specific sequences present in the leader sequence of pDER4
were maintained in the positive-strand DI RNA, positive-
strand DI RNA synthesis probably initiated from the intro-
duced negative-strand DI RNA transcripts.

DISCUSSION

We have demonstrated that VV T7-mediated expression of
negative-strand DI RNAs in MHV-infected cells resulted in
MHYV DI RNA replication. DI RNA replicated only when
vIF7-3 but not wild-type VV was used, demonstrating that
template RNAs for DI RNA replication were synthesized by
the T7 polymerase-mediated mechanism. We also showed that
DI RNA replication required the T7 promoter sequence on
the plasmid, demonstrating that initial transcripts used for
positive-strand DI RNA synthesis were transcribed from the
T7 promoter, i.e., negative-strand DI RNA transcripts. These
data strongly suggested that DI RNA replicated from the ex-
pressed negative-strand DI RNA transcripts.

MHYV DI RNA also replicated after transfection of in vitro-
synthesized negative-strand DI RNA transcripts in MHV-in-
fected cells. We did not detect positive-strand DI RNA tran-
scripts in the in vitro transcripts by Northern blot analysis.
Furthermore, DI RNA did not replicate after cotransfection of
truncated negative-strand DI RNA transcripts and in vitro-
synthesized positive-strand DI RNA transcripts that were at
least 100 times more abundant than the putative positive-
strand DI RNAs that might have been present in the in vitro-
synthesized negative-strand transcripts. These studies elimi-
nated the possibility that putative positive-strand DI RNA
transcripts in the preparation of negative-strand RNA tran-
scripts initiated DI RNA replication. DI RNA indeed repli-
cated from the transfected negative-strand DI RNA tran-
scripts.

Characterization of the leader sequence of replicating DI
RNA showed that DI RNAs contained the DI-specific leader
sequence, suggesting that positive-strand DI RNAs initiated
from the transfected negative-strand DI RNA transcripts.
However, we did not have direct evidence of de novo initiation
of positive-strand DI RNA from the input negative-strand
transcripts, because we could not detect positive-strand DI
RNA molecules that retained the extra 4 nucleotides at the 5’
end. One explanation for how the extra sequence at the 5’ end
of positive-strand DI RNAs was lost is that the MHV RNA
polymerase may have selected the correct initiation site for
positive-strand synthesis from within the negative-strand tem-
plate. Alternatively, DI RNAs lacking the extra nucleotides
may have been generated during replication of DI RNAs and
may have replicated much more efficiently than DI RNAs
containing the extra nucleotides. Trimming of the 3'-end extra
nucleotides at the expressed negative-strand MHV DI RNA
transcripts may not be specific for MHV DI RNAs; extra
nucleotides at the 5’ end of in vitro-synthesized positive-strand
poliovirus RNA are removed during poliovirus RNA replica-
tion (52), and extra nucleotides at the 3’ end of expressed
negative-strand RNA 2 of flock house virus are also trimmed
during accumulation of positive-stranded RNA 2 (1).

Only a few other examples of positive-strand RNA synthesis
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from input negative-strand RNAs of positive-strand RNA vi-
ruses exist. These include MS2 RNA phage (46), satellite RNA
of cucumber mosaic virus (48), and the RNA 2 fragment of
flock house virus (1). Another example was shown in the coro-
navirus transmissible gastroenteritis virus; noncoronavirus
RNAs containing the negative-sense transcription consensus
sequence of transmissible gastroenteritis virus also serve as
templates for transcription in transmissible gastroenteritis vi-
rus-infected cells (12). These studies, however, did not rigor-
ously eliminate the possibility that RNA synthesis started from
a minute amount of positive-strand RNA transcripts that might
have been present in transfected RNA preparations or that
might have been synthesized spuriously from the transfected
DNA by T7 polymerase. To our knowledge, for all positive-
strand RNA viruses, the data presented here provide the first
example of DI RNA replication resulting from input negative-
strand DI RNA transcripts. The DI RNAs used in this study do
not require a DI RNA-specific protein for DI RNA replication
(28); as a result, the trans-acting factors provided by helper
virus and host cells sufficiently drive DI RNA replication. In
this regard, the prerequisites for MHV DI RNA replication
seem to be different from those for poliovirus RNA synthesis,
in which a virus-specific protein seems to function only in cis
for initiation of virus RNA synthesis (6).

The amount of coronavirus genomic-size negative-strand
RNA is much smaller than that of positive-strand genomic size
RNAs (45). This suggests that negative-strand RNAs are much
more efficient templates. Transfection of in vitro-synthesized
positive-strand DI RNA transcripts into MHV-infected cells
results in immediate accumulation of DI RNA within RNA-
transfected cells (33). We found that detectable levels of DI
RNA accumulated only after serial passage of virus samples
from cells transfected with negative-strand transcripts (Fig. 5).
The amount of the transfected negative-strand DI RNAs was
significantly larger than that of the negative-strand DI RNAs
found in DI RNA replicating cells. Thus, negative-strand DI
RNAs that were transfected into MHV-infected cells were
poor template RNAs for positive-strand DI RNA synthesis.
Probably, RNA replicates more efficiently when the template
RNAs are double-stranded RNAs. Two lines of evidence sup-
port this hypothesis: most negative-strand MHV RNAs seem
to be present as double-stranded RNAs (41), and at least one
region of positive-strand DI RNA is necessary for positive-
strand DI RNA synthesis. Synthesis of positive-strand DI RNA
requires a region of about 60 nucleotides located in the middle
of MHV DI RNA (21). We saw that in this region, the RNA
secondary structure of the positive strand but not the negative
strand was important for biological function (40). Positive-
strand RNA synthesis did not occur efficiently in the absence of
the part of the positive-strand RNA that is associated with
negative-strand transcripts. This may be one of the reasons why
the negative-strand RNAs synthesized in MHV-infected cells,
which probably associate with the 60-nt long positive-strand DI
RNA region to form double-stranded RNA, are excellent tem-
plates for positive-strand RNA synthesis whereas transfected
negative-strand RNA templates, which probably exist as single-
stranded RNAs, are less effective templates.
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